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Abstract

Bridging the gap between findings in preclinical two dimensional (2D) cell culture models and /n
vivotissue cultures has been challenging; the simple microenvironment of 2D monolayer culture
systems may not capture the cellular response to drugs accurately. Three dimensional (3D)
organotypic models have gained increasing interest due to their ability to recreate precise cellular
organizations. These models facilitate investigation of the interactions between different sub-tissue
level components through providing physiologically relevant microenvironments for cells in vitro.
The incorporation of human-sourced tissues into these models further enable personalized
prediction of drug response. Integration of microfluidic units into the 3D models can be used to
control their local environment, dynamic simulation of cell behaviors, and real-time readout of
drug testing data. Cancer and immune system related diseases are severe burdens to our health care
system and have created an urgent need for high-throughput, effective drug development plans. In
this review, we focus on recent progress in the development of "cancer-on-a-chip™ and "immune
organs-on-a-chip" systems designed to study disease progression and predict drug-induced
response. Future challenges and opportunities are also discussed.

Abstract

Organ-on-a-chip systems can provide high-throughput platformsfor drug development,
which could potentially bridge the gap between 2D cell culture and animal models. With recent
breakthroughs in anticancer immunotherapies, there is an increasing interest in organotypic
models for anticancer immunotherapy development. Here, we review current progress in cancer-
on-a-chip and immune organs-on-a-chip systems with an emphasis on their potential in drug
development.
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Introduction

The cost of developing new drugs has been increasing steadily with analytical validations of
drug efficacy and toxicity constituting major portions of spending.[*] Poor correlation
between outcomes in pre-clinical and clinical trials (due to unrepresentative pre-clinical
models) has led to the majority of drug candidates failing to reach the market. Even after
drugs are approved for clinical use, they have been recalled due to severe cardiac, liver or
kidney toxicity.[2l Moreover, the improper evaluation of the side effects of several
prescription drugs has led to the hospitalization of many patients.[3] Current pre-clinical
research depending on 2D cell culture and animal models must be improved to reduce drug
development costs and improve patient outcomes.[“]

Organoids are 3D cell cultures that self-assemble into miniature organs ex vivo. These
models aim to bridge the gap between 2D cell culture and /in vivo systems by providing an
unlimited supply of organs to study normal and diseased physiology.! This approach does
not have the ethical issues or limitations associated with human organ donations.[®! Three
dimensional tissue culture is capable of generating samples suitable for cost-effective, high-
throughput drug screening in which human drug response could be predicted /n vitroin a
timely manner. Using patient-derived tissue samples, these platforms show potential for
personalized drug screening in which the /n vitro test results can guide the prescription of
drugs. In addition to modeling human organs, organoids also provide a means to obtain
viable tissues Jn vitrofor implantationl”] - these implants could exhibit matched phenotypes
of the target tissues and be implemented in regenerative therapies.

Organotypic structures can be generated by biofabrication techniques capable of organizing
cells in a spatially-precise manner, such as biomaterial scaffold engineering [8] and 3D-
bioprinting.[°] To replicate the physiology of the organs, the biofabrication approach must
replicate the physical properties of the extracellular matrix (ECM) such as rigidity, porosity,
density, and topography specific to the intended organ.[10] Many factors can impact the
phenotype of 3D organoids. Phenotypes can be influenced by: biomechanical forces and
bioelectrical stimulations, which significantly impact stem cells;11] various local site-
specific cells, such as stromal cells or infiltrated immune cells;[22] as well as signaling
factors and nutrient gradients.[*3] With a better understanding of the physiology of organs,
more parameters will be discovered to help guide the rational design of in vivo-like tissues.
Many characterization techniques, such as immunohistochemical staining and
transcriptome /proteome profiling, have been implemented to ensure that organoids
generated /n vitro can faithfully represent their counterparts 7 vivo.l*4] With advanced
sectioning-based imaging techniques such as confocal and light-sheet microscopy,[*®] more
information can be obtained at the cellular, tissue, and organ levels to validate similar
behavior between /n vitro models and in vivo systems.

By merging 3D organotypic system culture with microfluidics, the term “organ-on-a-chip”
was coined.[18] Poly(dimethylsiloxane) (PDMS)-based elastomeric devices facilitate
convenient modeling of the /in vivo body fluid perfusion-on-a-chip. Externally controlled
microfluidics can simulate the blood flow in organs, recreating dynamic nutrient distribution
in addition to mechanical cues, like shear stress, in the artificial tissues. By linking different
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organs-on-a-chip, microfluidic systems have the potential to simulate the complexity of
multi-organ metabolism and pharmacokinetics of drugs.[17] With further integration of non-
invasive bio-sensors into microfluidic chips,[18] facile monitoring of cell behavior,
particularly drug response, is possible. The organ-on-a-chip approach has already been
adopted into modeling many types of healthy and diseased tissues, such as cystic fibrosis,[1%]
microvascular obstructions,[2%] neuropsychiatric disorders,[22] kidney functions,22] and lung
functions.[16]

In this review, we cover recent progress in engineering 3D models for cancer and immune
tissues that replicated characteristics of their /n vivo counterparts. We review “organs-on-a-
chip” applications in investigating the fundamental biology of cancer and immune systems
as well as the discovery of therapeutics (Figure 1). Challenges and potential opportunities
regarding cancer and immune organs-on-a-chip are also discussed.

2. Cancer modeling

2.1 Cancer organoids

Tumors have a complex microenvironment, including a dense ECM, assorted stromal and
immune cells,[23] irregular vessels, and limited perfusion of nutrients - each of these can
significantly affect the efficacy of administered therapies.[24] Cancer organoids are better at
maintaining tumor-like architecture and the composition of primary tumors than 2D cancer
cell culture.[?%] The indefinite proliferation of cancer organoids also enables the construction
of organoid banks which allow systematic investigation of cancer variations; these banks
have already been created for breast cancer,[28] colorectal cancer,[27] and bladder cancer.[28]
It has been demonstrated that both primary tumor(27] and metastatic cancer-derived cells can
generate organoids /n vitro.[2°] Organotypic cancer models have been built for various types
of cancers including pancreatic cancer,[39 liver cancer,[32 bladder cancer,32] colorectal
cancer,[33] breast cancer,[34] brain cancer,[3%! cervical cancer,[36] and prostate cancer.[37]

Cancer organoid models that faithfully reflect the phenotypes specific to an individual
patient could be used to predict patient response to drug therapies.[38] This approach would
supplement existing genomic profiling-based precision medicine. Majumder et al. recreated
the intratumoral heterogeneity of cancer and stromal cell distribution by culturing thin tumor
sections. The sections maintain cellular distribution when cultured in tumor grade-matched
matrix containing patient-derived serum.[3% By investigating samples from 109 patients and
analyzing the data for squamous cell carcinoma and colorectal cancer treatment using
machine learning, anticancer drug sensitivity in another group of 55 patients was predicted.
In another study, Valeri and his team built a gastrointestinal cancer organoid bank using 110
cancer biopsies collected from 71 patients using an image-guided biopsy procedure (Figure
2).129] These cancers were either metastatic or heavily pretreated and they were dissociated
from the biopsy and suspended in Matrigel to generate the organoids. These patient-derived
organoids showed high genotypic and phenotypic similarity to the original /n vivotumors.
Upon treatment using a library of 55 drugs, organoid response mimicked patient response -
this correlation is evidence that patient-derived tumor organoids can be used to predict
patient-specific drug responses.
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In addition to using patient-derived cell lines for tumor modeling, genetic engineering has
been used to develop induced cancer models used to investigate tumorigenesis genes.[40]
Manato et al. built colon organoids using normal colon epithelial cells.[*!] CRISPR-Cas9-
mediated gene editing was performed in the normal organoid to induce malignancy and
generate a colonic adenocarcinoma model. Targeted gene disruptions were induced into five
key genes associated with tumorigenesis (suppressor genes: APC, SMAD4, TP5; oncogenes:
KRAS, PIK3CA) and the genetically modified cells were further selected using a pre-
designed culture medium. It was concluded that mutating the five key genes transformed
normal colon epithelial cells into a cancerous phenotype that proliferates /n vitro and forms
a tumor after /n vivo engraftment. However, this model was unable to replicate the invasive
metastasis of colon cancer, indicating that other factors are involved in the metastatic
process. The further development and implementation of genetic tools for organoid
engineering, such as base editing,[42] can make cancer organoids a more powerful model for
investigating tumorigenesis.

2.2 Cancer-on-a-chip

By integrating cancer organotypic culture with microfluidic devices, “cancer-on-a-chip”
systems allow recreation of the tumor microenvironment. These chips facilitate a better
understanding of cancer behavior /n vivo which leads to improved pre-clinical assessment of
drug efficacy. By linking different physiological modules, including vasculature,43] cancer-
on-a-chip models can further investigate the interactions between cancer and other organs.
For example, Zervantonakis et al. simulated the 3D interface between cancer and blood
vessels to investigate cancer cell invasion of the bloodstream (intravasation).[44]
Macrophages were incorporated into the model to study their role in inducing carcinoma
intravasation. By tracking the interactions between different compartments using real-time
imaging, it was found that macrophage-mediated vascular damage facilitated the
intravasation of cancer cells. Cancer metastasis is a complex process dependent on the cross-
talk between “seed” cancer cells and “soil” tissues; cytokines secreted by the target organ
attract cancer cells to the metastatic site. To study this “seed-soil” process, Jeon et al.
demonstrated a breast cancer extravasation chip that included muscle and bone mimicking
units for studying organ selective cancer extravasation.[4>] A microvascular-like gel was
lined with endothelial cells and embedded with bone mimicking stem cells to attract cancer
cell extravasation. This model was used to emulate bone-specific extravasation of breast
cancer cells to study the underlying pathways involved in cancer metastasis and screen anti-
metastasis drugs. Besides intravasation and extravasation, microfluidics has been used to
model other tumorigenesis processes, including angiogenesis,[46] invasiveness,[47] migration,
(48] and adhesion.[49]

Microfluidic chips are advantageous not only due to their ability to link different modules to
simulate multi-organ systems but also for their compatibility with online analytical modules
for real-time monitoring of organoid status. For example, Zhang et al. demonstrated a
“cancer-on-a-chip” platform that integrated multiple organoid models, including liver cancer
and cardiac organoids (Figure 3).150] The multi-organ system was arranged to simulate
metabolism of doxorubicin (DOX) in vivo. The authors integrated multiple sensors into a
microfluidic breadboard including: an optical sensor for organoid morphology imaging;
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biochemical sensors for biomarker detection; and physical sensors for monitoring
temperature, oxygen, and pH. Multi-organ interactions and real-time sensing enabled
dynamic monitoring of the efficacy and toxicity of DOX. This system allowed long-term,
automated monitoring of organoid responses, which eliminated the need for laborious
sampling and reduced potential disturbances to the system. Both the anti-cancer efficacy and
the liver metabolism-mediated cardiac toxicity of DOX were accurately mimicked by the
microfluidic system. Here, we briefly introduce the topic of “cancer-on-a-chip”, which is not
sufficient to cover the extensively investigated area. Readers are referred to a few
comprehensive reviews for more details.[5]

3. Immune organs modeling

Immune therapy based on vaccination has made a great contribution to public health by
providing durable protection against specific pathogens.[2] Recent breakthroughs in
engineering T cells, such as immune checkpoint inhibitors and chimeric antigen receptor T
cell (CAR-T) therapies,[53] have attracted significant attention to the development of
immune therapies. These treatments are promising methods of not only activating the
immune system against cancer and pathogens but also pacifying the immune system in case
of autoimmune diseases®4 in which the immune system attacks healthy host tissues.

Currently, investigations of immunotherapies are performed in either cellular or animal
models;[55] however, cell culture-based studies lack the complexity of in vivo
microenvironment, and differences between the immune systems of animals and humans
often lead to biased results.[56] Drugs having favorable results in cell or animal studies could
potentially suffer from serious setbacks in human trials. Negative results in the clinical trials
of CAR-T therapiesl®”] and the inefficacy of many types of drugs in humans!®®l are
examples of the poor translation of results from pre-clinical to clinical trials. It can be
concluded that the “cell study to animal study to human trial” pipeline has flaws; however,
techniques to improve translation between steps have the potential to enhance the success
rate of drug development.

Immune organs can be classified into two categories: 1) primary organs including bone
marrow and thymus for the generation of immune cells; and 2) secondary organs like tonsils,
Peyer’s patch, lymph nodes and spleen in which immune cells are programmed toward
specific antigens.[5%] Recent efforts towards engineering immune tissues /n vitro improve the
biological relevance of models compared to 2D cell culture. The adoption of human cells
into artificial constructs have the potential to form systems with better human relevance than
animal models. Modeling immune organs /n vitro also facilitates tunable immune system
parameters enabling investigation into the fundamental development of the immune system,
including immune cell development, recruitment, selection, and activation.[®% /n vitro
models can also enable the development of immunotherapies like vaccines, antibodies, or
antigen-specific T cells.[6]

Despite the relatively small size of immune organs in comparison to other organs like the
heart or brain, the high structural complexity of immune tissues complicate their in vitro
engineering. Immune organs are characterized by high variety and density of cells, dynamic
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ECMs, and constant migration of immune cells. The spatiotemporally dynamic cell-cell and
cell-ECM interactions in immune organs further complicate their modeling in vitro.[62]
Despite the /n vivo complexity, biomaterial scaffolds are often designed to mimic the ECM
of immune tissues through the replication of physical and chemical properties such as
stiffness and signaling factors.[63] To replicate the dynamic structure of the immune organs,
various types of biomaterials were developed to fit the dynamics of immune organs.[64]

Significant effort has been invested in the development of microfluidic organ-on-a-chip
models for tracking immune cells. For example, Kim et al. investigated the interactions
between T cells and adhesion molecules in the inflammatory response.[63] Another study, by
Jones and colleagues, tracked the migration of neutrophils and monocytes to an
inflammation site in order to screen inflammation-regulating drugs.[5¢] In addition, immune
cell migration from one chamber to bacteria in another chamber was monitored in a
microfluidic device to investigate immune response to infections.[871 Furthermore, the
Swartz group has shown that immobilized chemokine gradients played an important role in
the migration of dendritic cells.[58] The interactions between cytotoxic T cells and antigen
presenting cells were also modeled to study T cell activation.[69] While each of these
methods provided information on a single component of the multicellular immune system,
broader organotypic approaches with better relevance to the complex microenvironment of
immune tissues are desired in the future.

3.1 Bone marrow-on-a-chip

Bone marrow is a generative immune organ. Modeling the bone marrow /n vitro could lead
to a better understanding of the lineage, commitment, and self-renewal of hematopoietic
stem cells (HSC) in the hematopoiesis process.[’% These models also hold the potential to
produce hematopoietic cells and immune cells /n vitro, working as a biosynthesis tool for
generating various therapeutics. Like other organoids, bone marrow organoids facilitate the
development and testing of marrow-targeting drugs. Due to bone marrow’s relation to
radiation therapy, chip devices are also important tools in simulating and alleviating
radiation-induced toxicity.

To mimic the ECM of bone marrow, porous scaffolds were constructed to mimic the
endogenous porosity of bone marrowl!] that is essential for efficient cell attachment and
nutrient transportation.[”2] Kotov and coworkers showed that the inverted colloidal crystal
approach, using polystyrene beads as a template, can be applied to the engineering of a 3D
matrix with tunable porosity.l”3! With silicate and poly-acrylamide hydrogel-based scaffolds,
anionic clay platelets and poly(diallyldimethylammonium chloride) (PDDA) were deposited
in a layer-by-layer approach; this matrix supported the growth of bone marrow stromal cell
line, HS-5, and Human CD34* HSCs. This work suggested that the 3D scaffold has a niche
for supporting hematopoiesis and can enhance the interactions between stromal cells and the
HSCs. Robust expansion of HSCs (CD34%) and differentiation of B cells can be observed in
this scaffold as well, where functional B cells could be detected. Sieber et al. constructed a
3D scaffold using hydroxyapatite-coated zirconium oxide to replicate bone marrow’s natural
ability to maintain the stemness of stem cells.[74] By lining the scaffold with a layer of
mesenchymal stem cells (MSCs), the structure was preconditioned for hematopoietic stem
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and progenitor cell (HSPCs) culture. A microfluidic device was also incorporated to provide
nutrients and simulate the dynamic microenvironment of bone marrow. The preconditioning
of the scaffold in addition to the simulation of fluid flow in the microfluidic device extended
the lifespan of stem cells (28 days) while maintaining their multipotency.

In another study, Torisawa et al. demonstrated a “bone marrow-on-a-chip” system to
investigate radiation mediated toxicities (Figure 4).175] The scaffold was formed by a
cylindrical PDMS device with a central compartment filled with bone-forming factor and
collagen gel. The scaffold was subcutaneously implanted into a mouse and harvested after 8
weeks. The marrow that had grown in the scaffold was primarily composed of hematopoietic
cells with a small percentage of adipocytes. The bone marrow-derived scaffold was then
cultured in its original PDMS device with microfluidic channels to construct the “bone
marrow-on-a-chip”. This engineered bone marrow produced the necessary factors to support
the growth of hematopoietic cells /n vitro. Moreover, microfluidic sampling allowed for
facile monitoring of cell behavior during exposure to y-radiation and the countermeasure
drug, granulocyte colony-stimulating factor.

3.2 3D modeling of Thymus

The thymus is a compartmentalized immune system organ composed of the cortex and
medulla in which two epithelial cell types reside: cortical thymic epithelial cells and
medullary thymic epithelial cells.[’®] It is also composed of many types of stromal cells,
such as endothelial cells, fibroblasts, and antigen-presenting cells (APCs). There have been
some efforts to emulate partial structural or functional characteristics of the thymus.
Poznansky et al. used a carbon network coated with tantalum as a scaffold (characterized by
ridged surface for cell attachment and high surface to volume ratio) to support the growth of
a layer of stromal cells.L””] The biological intra-thymic microenvironment was recreated
with a mixture of different cell types in the stroma - primary hematopoietic progenitor cells
were also co-cultured in the microenvironment. Within 14 days, the synthetic thymus
generated mature T cells, 70% of which were CD3+ T cells. CD3 was co-expressed in all
CD4+ cells and most CD8+ cells. The expression of T cell receptors was detected on CD3+
T cells. Other aspects of thymus physiology have also been simulated using artificial
scaffolds; another study adapted a 3D organotypic system typically used for culturing skin to
model the developmental progress of epithelial cells (TECs and mTECs) in the thymus.[8]

In addition to synthetic scaffolds, other recent studies have reported the use of the natural
ECM of the thymus (composed of laminin, collagen, and fibronectin) to support artificial
thymus growth 777 vitro.l”® To recreate the natural composition of the ECM for /n vitro
thymus generation, decellularized thymus scaffolds were used.[8%] Another study
demonstrated that decellularized ECM supports the growth of epithelial cells and that the 3D
artificial thymus attracted lymphocyte progenitors to regulate allograft tolerance after
implantation in an athymic mouse model.[81]

Despite the extensive effort devoted to generating thymus organoids, /n vitro thymus
modeling is still a challenging task. Thus far, only partial thymic functions have been
replicated in 3D organoids.[82] Future thymus models must be developed to emulate the
more complicated functions of the thymus, such as T cell selection and maturation. These
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complex processes will depend on the development of scaffolds and fabrication methods that
allow the proliferation of various types of primary cells in a spatial-temporally organized
manner.

3.3 Lymph node-on-a-chip

The lymph nodes organize interactions between immune cells and lymph fluid to build
adaptive immunity.[83] The nodes have an ECM composed of follicular dendritic cells and
follicular reticular cells that facilitate the migration of major immune cells, such as dendritic
cells, B cells, and T cells. Each node has an outer layer in which dendritic cells sample
antigens in the afferent fluid, and an inner region dedicated to the activation of B cells
(germinal center) and T cells (T cell zone).

The function of the lymph node to adapt immune cells towards specific antigens has drawn
interest to its /7 vitro modeling for the purpose of generating immunotherapies.[84] Humoral
B cells that secrete low-affinity antibodies undergo a germinal center-mediated reaction to
generate high-affinity antibodies.[85] Purwada et al. simulated the function of the B cell zone
in the lymph node to induce germinal center-like phenotypes in naive B cells (Figure 5).[86]
In this study, gelatin hydrogels were crosslinked with silicate nanoparticles to provide the
3D scaffold. Fibroblasts were engineered to simulate follicular T helper cells in the germinal
center by transfecting them with CD40L and BAFF (the genes responsible for the germinal
center-like phenotype of B cells). The /n vitro 3D model of the lymph node enabled control
of the kinetics of B cell phenotype transformation and antibody class switching. In contrast
to this model, the transformation of B cells in 2D cell culture was transient and short-lived.
[87] The researchers further modified this design, replacing gelatin with crosslinked

poly(ethylene glycol) (PEG), to enable investigation of the effect of integrin on B cell fate.
[88]

For T cell-oriented modeling, macroporous PEG scaffolds filled with collagen have been
demonstrated to facilitate rapid migration of T cells.[89] These scaffolds simulate the
migration of T cells towards the chemokine CCL21. Rosa et al. designed a microfluidic
device with a dendritic cell layer attached to the channel to investigate the dynamics of T
cell maturation.[%%] This design replicated the T cell zone in the lymph node, where the
migratory T cells are programmed by resident dendritic cells that present specific antigens. T
cells migrated towards the dendritic cells irrespective of the fluid flow and the antigen-
specificity increased the interaction between T cells and the dendritic cell layer. Ross et al.
developed a hybrid chip that integrated a primary lymph node slice into a microfluidic chip
for spatially-precise stimulation of the lymph node.[92] Local response to stimulation of the
lymph node, such as a dextran modified with FITC or glucose conjugated with bovine serum
albumin, were tested and the system demonstrated /in vivo-like behaviors of the lymph node
section. This “lymph node-on-a-chip” strategy provides one approach to study local
functions of a lymph node, which can be a platform for the development of
immunotherapies. VaxDesign (Orlando, FL) has commercialized an in vitro lymph node
model, the Lymphoid Tissue Equivalent (LTE) module, that integrated dendritic cells, T
cells, and B cells for predicting the efficacy of vaccines against infections. The platform
termed Modular IMmune In vitro Construct (MIMIC®) can help predicting an individual’s

Aadv Healthc Mater. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sunetal.

Page 10

response to a given vaccine by generating activated T cells, cytokines, and antibodies with a
precision higher than PBMC assays. With experience gained from the exploratory research
involving several immune organs /n vitro, we expect to see additional studies simulating
other immune tissues, such as thyroids or spleens, using microfluidic chip techniques.

4. Conclusions and future perspectives

Organotypic cancer and immune models that emulate the 3D physiology of organs are
promising tools in preclinical testing of drugs. In this review, we discussed the “cancer-on-a-
chip” and “immune organs-on-a-chip” systems that enable facile investigation of dynamic
behaviors of cancer and immune cells (Table 1). Most of these lab-on-chip devices are still
prototype demonstrations of early-stage concepts. There are some hurdles that need to be
addressed before widespread integration of these platforms into preclinical drug
development: 1) The availability of patient-derived tissues. Clinical regulations and patient
consent may limit accessibility to primary tissue samples.[92] Therefore, these projects
demand interdisciplinary cooperation between engineers, clinicians, patients, and
policymakers to ensure primary tissue samples are collected safely, lawfully, and ethically.
2) Lab-on-a-chip systems are based on esoteric microfabrication technologies.
Microfabrication facilities and the related expertise are not readily available to all
researchers. Commercially available services that provide custom-designed, application-
specific micro-devices should be developed to give more researchers access to the 3D
disease modeling field.

The “cancer-on-a-chip” and “immune organs-on-a-chip” approaches for disease modeling
are still in their infancy, which means there are a lot of opportunities ahead, for example:

1. “Cancer-on-a-chip” and “immune organs-on-a-chip” have advantages over 2D cell
culture, but they are still years away from competing with 77 vivo animal models to predict
clinical responses. This calls for designing better platforms to replicate the /in vivo
microenvironment, improving our understanding of pathophysiology, and developing better
tissue culture and characterization techniques.[%3] Considering the ability of Jn vitro 3D
models to adopt human-derived tissues, microfluidic organoid chip devices have the
potential to compete with animal models in the search for more relevant non-human models
of drug response and disease.

2. One important component in the tumor microenvironment is the co-existence of immune
cells.[94] Recent breakthroughs in cancer immunotherapies have caused interest in the
development of high-throughput /n vitro models for simulating cancer-immune system
interactions.[95] However, the investigation of cancer immunotherapies using organ-on-a-
chip systems is still in its early stages. Integrating efforts in cancer-on-a-chip and immune
system-on-a-chip could shed light on /n vitro cancer immunotherapy investigations, such as
penetration of tumor by immune cells, and lead to the next generation of effective cancer
remedies.

3. One long-sought goal in tissue engineering is to generate functional human tissues /n vitro
for tissue replacement and regenerative therapies. With improved “immune organs-on-a-
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chip” technologies, it is possible for personalized immune organs to be generated for
implantation; these organs could be essential in the fight against autoimmune diseases,
cancer, and infections. For example, it may be possible to implant a functional organ to
regenerate the failed immune system in HIV-infected patients,[%6] substitute well-developed
immune organs for underdeveloped ones,[971 or reinvigorate a patient’s immune defense in
the fight against cancer.[%8]

In conclusion, “cancer-on-a-chip” and “immune organs-on-a-chip” are promising platforms
to facilitate the development of cancer and immune therapies. To realize this potential, it
calls for collective efforts from the patients, physicians, engineers, policy makers, and the
industry.
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Modeling cancer and immune organs on microfluidic chips for preclinical drug screening

and studying physiological processes.
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Figure 2.
Construction of a 3D model of metastatic human gastrointestinal cancers for predicting

clinical drug response. a) Optical imaging of patient-derived organoids (PDOs) from patient
R-006. b) Hematoxylin and eosin staining showed the reproduction of /7 vivo cancer
histology in the organoids. c) Sequencing of patient tissue and the PDOs showed 96%
overlap in the mutated genes. d) The organoid model replicated intra-patient cancer variance
from patient R-019 in response to TAS-102. e) Inter-patient response variation to TAS-102
was also demonstrated by the organoid models. Reproduced with permission.[2%] Copyright
2018, The American Association for the Advancement of Science.
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Figure 3.
Multi-sensor-on-a-chip for monitoring anticancer efficacy and cardiac toxicity of DOX. a)

An organ-on-a-chip system containing multiple organs and sensors was automatically
controlled and monitored. b) Design of the heart-liver-cancer-on-a-chip system. c)
Monitoring anticancer efficacy of the administered DOX through viability analysis and
biomarker monitoring. d) Cardiac toxicity was observed with increasing concentration of
DOX in the microfluidic system. Reproduced with permission.t>% Copyright 2017, National
Academy of Sciences.
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Figure 4.
Bone marrow-on-a-chip. a) A bone-inducing PDMS device was implanted subcutaneously to

generate bone marrow /n vivo. b) The bone marrow explant was integrated into a
microfluidic chip. ¢) The engineered bone marrow histological patterns resembled those of
native mouse bone marrow. Engineered bone marrow (upper) and native mouse bone
marrow (lower). d) The bone marrow-on-a-chip model demonstrated the protective effect of
G-CSF against -y-radiation. Reproduced with permission.[75] Copyright 2014, Springer
Nature.
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Figureb.
A lymph node germinal-center-on-a-chip model. a) Co-culture of naive B cells in the 3D

scaffold with stromal cells presenting CD40L and secreting BAFF transformed B cells to a
germinal center-like phenotype. b) Optical imaging of the whole organoid. c) Bright field
and fluorescent imaging of the organoid, green fluorescence-stained germinal center
phenotype marker. d) H&E-staining of the organoid. Reproduced with permission.[86]
Copyright 2016, Springer Nature.
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Table 1.

Summary of cancer-on-a-chip and immune organs-on-a-chip systems cited in this review.
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Cell source Scaffold material Reference
Cancer organoids Primary breast cancer from patient Cultrex Reduced Growth Factor [26]
Basement Membrane Matrix, Type 2
Primary colorectal cancer from patient Cultrex Reduced Growth Factor [27]
Basement Membrane Matrix, Type 2
Primary bladder cancer from patient Matrigel [28b]
Metastatic gastrointestinal cancer from patient Matrigel [29]
Ductal pancreatic cancer from patient Matrigel [30a]
Primary liver cancer from patient Cultrex Reduced Growth Factor [31]
Basement Membrane Matrix, Type 2
Colorectal cancer (CRC) liver metastasis from patient Matrigel [33]
MDA-MB-231, MCF7, MCF10A Gelatin methacrylate [34a]
HelLa Gelatin/alginate/fibrinogen [36]
Metastatic prostate cancer from patient Matrigel [37-38]
Tumor biopsies from patient Tumor grade-matched matrix [39]
supplemented with autologous serum
Gene edited intestinal tissue from human Matrigel [41
Cancer-on-a-chip HT1080, MDA231, RAW264.7 Collagen type | [44]
MDA-MB-231, C2C12, RAW264.7, MCF-10A, GFP- Fibrinogen [45]
transfected HUVEC, Primary hBM-MSCs from patient
HMVEC, HUVEC, EGM-2MV, EGM-2 Peptide, matrigel, collagen [46]
HMF, MCF-DCIS Collagen, matrigel [47]
MDA-MB-231 Collagen type | [48]
HDMECs, 293T, MDA-MB-231 - [49]
g’L\JAman primary hepatocytes, HepG2, Human iPSC- GelMA, fibronogen [50]
s
Bone marrow-on-a-chip  CD34+ HSCs from human Polyacrylamide 71
HS-5, hFOB 1.19, CD34+ HSCs from human Silicate, Polyacrylamide [73]
HSPCs and MSCs from human hydroxyapatite coated zirconium oxide [74]
hematopoietic cells and adipocytes from mouse Collagen, demineralized bone powder [78]
3D modeling of Thymus ~ Thymic stroma from mouse, HSCs from human Tantalum-coated carbon matrix [77]
TECs from mouse, Human dermal fibroblasts Jettex 3D, fibrinogen [78]
TECs from E14.5 embryos Decellularized thymic ECM [80]
TECs and thymic fibroblasts from mouse Decellularized thymic ECM [81]
Lymph node-on-a-chip Splenocyte from mouse, BALB/c3T3 fibroblasts Gelatin, silicate [86]
transfected with CD40L
Splenocyte from mouse Gelatin, silicate [87]
Splenocyte from mouse PEG, peptide [88]
T cell and dendritic cells from mouse PEG, collagen [89]
T cell and dendritic cells from mouse - [90]
Lymph node slice from mouse - [01]
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